† Background Cushion plants are commonly considered as keystone nurse species that ameliorate the harsh conditions they inhabit in alpine ecosystems, thus facilitating other species and increasing alpine plant biodiversity. A literature search resulted in 25 key studies showing overwhelming facilitative effects of different cushion plants and hypothesizing greater facilitation with increased environmental severity (i.e. higher altitude and/or lower rainfall). At the same time, emerging ecological theory alongside the cushion-specific literature suggests that facilitation might not always occur under extreme environmental conditions, and especially under high altitude and dryness. † Methods To assess these hypotheses, possible nursing effects of Thylacospermum caespitosum (Caryophyllaceae) were examined at extremely high altitude (5900 m a.s.l.) and in dry conditions ( precipitation ,100 mm year 21 ) in Eastern Ladakh, Trans-Himalaya. This is, by far, the highest site, and the second driest, at which the effects of cushions have been studied so far. † Key Results In accordance with the theoretical predictions, no nursing effects of T. caespitosum on other alpine plants were detected. The number and abundance of species were greater outside cushions than within and on the edge of cushions. None of the 13 species detected was positively associated with cushions, while nine of them were negatively associated. Plant diversity increased with the size of the area sampled outside cushions, but no species -area relationship was found within cushions. † Conclusions The results support the emerging theoretical prediction of restricted facilitative effects under extreme combinations of cold and dryness, integrating these ideas in the context of the ecology of cushion plants. This evidence suggests that cases of missing strong facilitation are likely to be found in other extreme alpine conditions.
INTRODUCTION
It is often assumed that the distribution and abundance of species in high-elevation communities is enhanced by the presence of neighbours, where interactions are predominantly facilitative (Callaway et al., 2002) . In these high-altitude regions, positive interactions involve nurse plants facilitating the establishment of other species within their canopy by offering microhabitats that are more favourable for seed germination and/or seedling recruitment than the surrounding environment .
Cushion plants are expected to be among the most effective nurse species in alpine habitats (Arredondo-Núñez et al., 2009) and have long fascinated ecologists (Rauh, 1939; Körner, 2003) . Their low and compact growth form acts as an efficient heat and water trap and represents a clear model of evolutionary convergence across phylogenetically unrelated taxa in different regions of the world (Körner, 2003; Sklenář, 2009) . It has been repeatedly reported that cushion plants act as nurse species in different alpine conditions, where significantly more plant species grow within cushions than outside their canopy. For example, a literature search of studies assessing potential nursing effects of cushions on other plants resulted in 25 key publications (Table 1) , all showing predominantly facilitative effects. Much of this evidence comes from high-Andean communities (but see Antonsson et al., 2009; Haussmann et al., 2010; Yang et al., 2010) . The positive effects of cushions were greater with increased environmental severity (Arredondo-Núñez et al., 2009; Badano et al., 2010) , i.e. at higher altitudes Fajardo et al., 2008; Antonsson et al., 2009; Yang et al., 2010) and under drier conditions .
The greater nursing effect under more severe habitats supports the hypothesis of increased facilitation under more stressful conditions (Callaway et al., 2002) . At the same time, ecological theory on species interactions alongside the cushion-specific literature also suggests that the importance of facilitative effects could ultimately decrease under extreme stressful conditions (Michalet et al., 2006) . Recent studies suggest that the outcome of interspecific interactions should be positive only at intermediate levels of environmental severity or, at least, not increase constantly with growing abiotic stress (Kaway and Tokeshi, 2007) . Under extreme abiotic conditions plants could derive little benefit, and still incur a cost, from growing in close proximity to neighbours (Maestre et al., 2005) . Such theoretical predictions suggest that the combination of multiple stress factors, particularly cold and dry conditions, could override any advantage originating from facilitation (Maestre et al., 2009) . These hypotheses remain, however, mostly theoretical (Kaway and Tokeshi, 2007) , and sometimes controversial (Gross et al., 2010) , probably due to the lack of field evidence from really extreme environmental conditions. Specifically, the real outcome on species interactions under the combination of extreme cold and dry conditions largely remains to be demonstrated. There is some evidence that facilitation in extremely dry environments may be limited (Maestre et al., 2005) . Similarly, in the context of the cushion-specific literature, Cavieres and Badano (2009) showed the first evidence indicating less positive effects of cushions under drier environmental conditions. le Roux and McGeoch (2010) tested for a possible 100 -For each study, the table indicates the cushion species that was studied, the altitudinal range considered (in m a.s.l.), the study region, the approximate mean yearly rainfall (mm year
21
) and the effect detected (' + ' indicates facilitation, '-' indicates negative effects).
de Bello et al. -No facilitation from cushion plants under extreme conditionsdecrease in the facilitation of cushions with increasing altitude and wind exposure. They never found negative nursing effects in the conditions with the greatest stress, possibly because the region receives high precipitation (Table 1) . We hypothesize that the absence of negative effects with increasing habitat severity in the cushion-specific literature may have been caused by the lack of studies under a combination of both extremely cold and dry conditions.
The region of Ladakh, in the westernmost part of the Tibetan Plateau (Trans-Himalaya), offers particularly suitable environmental conditions for testing these hypotheses. Ladakh is often referred to as a 'cold desert', presenting a combination of extremely cold conditions and marked water scarcity. Compared with other Trans-Himalayan regions, Ladakh lies in the rainshadow of the Himalayas. Owing to its position, which poses a barrier to seasonal monsoons, the whole area receives very low precipitation (,100 mm year
; Dvorský et al., 2011) . The dominant cushion species in the study area is Thylacospermum caespitosum (Caryophyllaceae). It occupies the highest vegetation belts at the upper vegetation limits in the region (Klimeš and Doležal, 2010; Klimešová et al., 2011) and it is basically the only species with a sufficiently large canopy to host other plant individuals. This species is phylogenetically related to another cushion species, Arenaria polytrichoides, with a demonstrated nursing effect in the Himalayas, due to improved soil resources (Yang et al., 2010) . Here, the hypothesis that T. caespitosum is a nurse plant for other alpine species was studied. The possible effects of this cushion species depending on its size were also assessed assuming that effects of cushions could be detected by different speciesarea relationships within and outside cushions . A location was chosen which is at the highest distribution of T. caespitosum in the region (at 5900 m a.s.l.), close to the upper altitudinal limits of vascular plants, in what is probably the most stressful combination of environmental conditions under which cushion species effects have been assessed so far. Our results show that the role of cushion species as nurse species might not be as general as expected, especially under very extreme environmental conditions.
MATERIALS AND METHODS
The survey was carried out in the Lunglung valley, on the western slope of the Chalung Mountains east of Lake Tso Moriri (33805 ′ N, 78827 ′ E), in the same study site as described in Klimeš and Doležal (2010) . The highest peaks in the area are 6400 m a.s.l. and the upper vegetation limit in the valley is at 6030 m. However, most species, including Thylacospermum caespitosum, do not often occur above 5900 m. Thylacospermum caespitosum accounts for most of the vegetation cover in this vegetation type , which totals around 10 %. The mean air temperature at the soil surface was around -88C (with the minimal and maximal temperatures ranging between -228C and + 98C; Klimeš and Doležal, 2010) .
Sampling was carried out at a homogenous site with a gentle slope where 50 well-spaced, not rotten, T. caespitosum cushions of varying size (diameter of 2 cm up to 72 . 5 cm) were randomly selected. No water sources or brooks were detectable at the site. For each cushion, species composition (occurrence and number of individuals) within, at the edge of and outside each cushion was surveyed. A similar area was sampled for the three positions considered for each cushion (i.e. within, at the edge of and outside cushions). For the 'outside' position, a 'belt' was defined surrounding the sampled cushion plant, with the belt having the same area as the cushion (using the formula of circular rings, i.e. the outer radius of the belt was equal to r × p 2, with r being the cushion radius). For the edges, a similar approach was followed where for each belt an approximately similar area was sampled within and outside the cushion. A total of 150 sampling units were surveyed (50 cushions × 3 positions). For tussock species, such as Poa attenuata, each tussock was considered to be a separate individual.
For the data analyses two parallel approaches were followed. First, to test the effect of cushions on other plants, resampling techniques were used, as commonly applied in studies considering nursing cushion effects Yang et al., 2010) . We used the Friedman test, with post-hoc comparisons, based on 9999 Monte-Carlo resamplings (Hollander and Wolfe, 1999) . This is a non-parametric test assessing symmetry of responses across treatments for repeated measurements. The three positions (i.e. within, at the edge of and outside cushions) were considered as repeated measures for each individual cushion. The test was applied to assess if the total number of species and the total number of individuals were associated with any specific position. The same test was applied to individual species (in terms of both species occurrence and number of individuals). Then, to assess the possible effects of this cushion species depending on its size, we fitted linear models explaining the number of species and the number of individuals with the size of cushions, the sampling position and their interaction. The three positions were again considered as repeated measures for each individual cushion. Parametric and non-parametric (i.e. permanova; Anderson, 2001 ) models gave largely similar results. The interaction of size × position in these models indicated different slopes of fitted regression lines using a standardized major axis (Warton et al., 2006) . The linear models described above were also applied to test the effect of cushion size on individual species. All analyses were run in R (R Development Core Team, 2009).
RESULTS
A total of 13 species (Table 2) were found in the 150 sampling units considered. In terms of diversity, the number of species and individuals increased (as expected) with sample area (Fig. 1) . The increment was, however, stronger outside cushions (higher variance explained outside cushions and a significant shift in regression slopes according to standardized major axis regressions). The numbers of species and individuals were never higher within a given cushion; they were higher either outside (more frequently) or on the edge of cushions (Fig. 1) .
None of these species was positively associated with the cushion species, in terms of either occurrence or number of individuals found. On the contrary, nine out of 13 species were negatively associated with T. caespitosum, being more frequently found outside the cushions. For each individual cushion, species generally reached lower abundance inside it (Table 2 and Supplementary Data Figure S1 ). Only four species, i.e. three Saussurea species and Stellaria depressa, showed, in some cases, the highest abundance within individual cushions. These cases were rather occasional for Saussurea sp. ( possibly a previously undescribed species) and Stellaria depressa. The other two species did not show clear associations with any position. Only Saussurea gnaphalodes was limited to the cushions, but with one individual in 150 sampling units.
DISCUSSION
Our study provides a concrete example of no nursing effect of a high-elevation cushion plant (T. caespitosum) growing under extreme environmental conditions. Compared with the existing literature on cushion species (Table 1) , and on facilitation in general, we selected a site presenting the most stressful conditions, particularly possessing the most extreme combination of cold and dry conditions. In such extreme conditions, we did not find any evidence of positive effects of T. caespitosum on other plants, supporting the theoretical predictions advocating for a decrease of facilitation under extreme stressful conditions (Michalet et al., 2006; Maestre et al., 2009) . Negative, or nonpositive, effects of cushion species have rarely been reported (Table 1) and, as far as we know, never so clearly. Cavieres and Badano (2009) , for example, did not find any location with negative effects of cushions on local diversity, while negative effects of cushions are generally observed on a minority of species at a given site (Arredondo-Núñez et al., 2009; Yang et al., 2010) . Fajardo et al. (2008) found an equal number of positive and negative associations at their lowest site, but almost exclusively positive associations at their highest site. Similarly, le Roux and McGeoch (2010) found some negative associations, but only at their lowest site. As such our results provide new evidence that needs to be taken into account when generalizing existing theories, and testing new hypotheses, on nursing effects of cushions under extreme alpine conditions. As the entire gradient of stressful conditions on high mountains throughout the world has probably not been studied so far (Table 1) , cases of missing facilitation in extremely stressful conditions are likely to be found elsewhere. Although the present study is based on a single cushion species, it is unlikely that the results are due to specific features of this particular cushion species, especially because T. caespitosum is phylogenetically and morphologically related to A. polytrichoides which has demonstrated a positive nursing effect in the Himalayas (Yang et al., 2010) . In comparison with Yang et al. (2010) , our site does not receive summer monsoons, is characterized by much lower precipitation (approx. 700 mm year 21 vs. approx. 100 mm year 21 in our site) and is situated at a much higher altitude (.1200 m higher). Why were facilitative effects by cushions not developed under these extreme conditions? It is possible that in these extreme environments all species in the species pool are stress tolerant, i.e. they might be sufficiently adapted to the harsh conditions they inhabit, even without nursing effects (Michalet et al., 2006) . In extremely arid habitats in particular, stress-tolerant species do not necessarily profit from facilitative effects from other species but compete for limited resources (Maestre et al., 2009) . Ameliorative effects of cushion plants are said to include improved temperature conditions, an increased growing season and greater availability of resources (Yang et al., 2010) . However, soil crusts, instead of cushion species, can provide microhabitats that are favourable for seed germination and/or seedling recruitment (Gold and Bliss, 1995), with the additional advantage of not having to compete with cushions. Soil crusts are frequent in alpine and sub-nival zones of different Ladakh regions and often occupy areas devoid of vascular plants (Ř eháková et al., 2011) . Moreover, in contrast to other regions of the world, the growing season in the study area is extremely short (,2 months; Klimeš and Doležal, 2010) and cushions probably cannot help much in prolonging it. Finally, although the effect of cushions on species with different traits has been considered (Arredondo-Núñez et al., 2009; Yang et al., 2010) , little is known about the effects of cushions with different traits on species interactions. Thus, although T. caespitosum is largely similar to many other studied cushion species, the extreme compactness of its branches could partially inhibit settling of other plants. Considering the life histories of the interacting species (Maestre et al., 2009) , together with the effect of different cushion growth forms (e.g. Rauh, 1939) , could provide new insights to generalize cushion effects on other alpine species. However, this may be limited, at present, by two constraints. First, as far as we know, besides the preliminary work by Rauh (1939) , a common set of traits for cushion species has not been agreed. Secondly, given the preponderance of positive associations found in the literature (Table 1) , meta-analyses of existing data probably cannot reveal any effect of the growth form of cushions on other species.
In conclusion, our results provide evidence that cushion plants do not act as nurse species in extreme alpine conditions, suggesting that cases of missing strong facilitation are likely to be found elsewhere. More generally, our study brings new evidence of the emerging theoretical predictions that the outcome of plant interactions can strongly depend on the combination of temperature and water stress. As such, this study supports the theoretical prediction that facilitation should not hold under extreme combinations of these two factors (Maestre et al., 2009) , integrating these emerging ideas in the context of the ecology of cushion plants.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of Figure S1 : variation in the number of individuals (after log-transformation) with sample size within, at the edge of and outside cushions of T. caespitosum.
